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S ■ ABSTRACT 

c3 



We report a spectroscopic analysis of an EIT wave event that occurred in 
active region 11081 on 2010 June 12 and was associated with an M2.0 class 



flare. The wave propagated near circularly. The south-eastern part of the wave 



front passed over an upflow region nearby a magnetic bipole. Using EIS raster 



observations for this region, we studied the properties of plasma dynamics in the 
wave front, as well as the interaction between the wave and the upflow region. 
We found a weak blueshift for the Fe XII A195.12 and Fe XIII A202.04 lines in 
the wave front. The local velocity along the solar surface, which is deduced from 
the line of sight velocity in the wave front and the projection effect, is much 
lower than the typical propagation speed of the wave. A more interesting finding 
is that the upflow and non-thermal velocities in the upflow region are suddenly 
diminished after the transit of the wave front. This implies a significant change 
of magnetic field orientation when the wave passed. As the lines in the upflow 
region are redirected, the velocity along the line of sight is diminished as a result. 
We suggest that this scenario is more in accordance with what was proposed in 
the field-line stretching model of EIT waves. 

Subject headings: Sun: corona — Sun: UV spectra — waves 



Introduction 



Diffuse coronal waves were first observed bv iMoses et al.l (|1997h and iThompson et al 



( 119981 ) with the EUV Imaging Telescope (EIT: iDelaboudiniere et al.lll995l ) aboard the Solar 
and Heliospheric Observatory (SOHO), and were commonly known as EIT waves. They 
are best seen in the running difference images as propagating bright fro nts with a speed 
of a few hundreds of km s _1 , followed by an expanding dimming region ( IThompson et al. 



1998m . EIT w aves can be observed at several wavelengths, such as 171 A, 195 A, 28 4 



A, and 304 A dwills-Davev fc Thompson! Il999l ; Izhukov j Aucherel l20oiJLong_et 



Many observa t ional prope rties of EIT waves we r e pres ented by lDelannee fc Aulanierl ( 119991 ). 



2008). 



Klassen et al. 



found in 



(I2000h. and 



Thorn 



Dson fc Mversl (l2009h . Rece nt reviews on this t o pic ca n be 



Wills-Davev fc Attrilll ( J2009h . Iwarmuthl feoioh . and ballagher fc Longl feoioh . 



It is natural that EIT waves are accompanied with some other solar active events such 
as coronal mass ejections (CMEs) and flares. Statistical and case st udies have shown that 
EIT waves are close l y related w ith CMEs rather than solar flares (IBiesecker et al.l 120021 : 



Qkamoto et al.ll2004l : IC 



nen 



2006) . In part i cular, the flares associated with many EIT wave 



event s were very weak ( jCliver et al. 1120051 : IVeronig et al.ll2008l : Ma et al.ll2009l : lAttrill et al. 



20091 ) . In spite of th e coincidence of EIT waves and CMEs, their spatial relationship is 



still being debated. IVrsnak et al.l ( 120061 ) reported a wave behind the CME flank, and 



Patsourakos &: Vourlidas I ( 120091) claimed t hat th e EIT wave front is outside the CME frontal 
loop, whereas IChenl ( 120091 ) and iDai et al.l ( 12010 ) found that the EIT wa ve front is cospatial 
with the white-light frontal loop of CMEs. In addition, IWarmuthl ( 120 lOh found one event in 
which a wave front overtakes the CME flank. 

Based on the observed properties of EIT waves, there are two main interpretations. 
One is the wave model, which s uggests that EIT waves are fast-mode magnetohydrody 



namic (MHD) waves or shocks (IWand l2000l : IWu et al.l l200ll : IWarmuth et al.l l200ll . 12004 



Pomoell et al.ll2008l : IVrsnak fc Cliverl 120081 1. This model can explain so me of the characteris- 



tics of the wave front and was supported by a number of observations (IWarmuth et al.ll 2005 



Long et al. 



200 



9; 



2008 



Ve 



Kienreich et al 



onig et al.l 120081 : IPatsourakos fc Vourlidas I 120091 : iGopalswamv et al. 



20091 ) . The other interpretation is related to CME expansion. 



Delannee 



( 120001 ) suggested that the bright front may result from the inter action betw e en CME-ind uced 
expansion of magnetic field lines and surrounding field lines. IChen et al.l ( 120021 . 120051 ) pro- 
posed a field-line stretching model, which predicts that there should exist a fast moving 
corona l shock ahead of the slow EIT wave, which were recently confirmed by IChen fc Wu 
( 120 111 ). The non- wave model can a lso ex plain many of the proper ties of the wave and 



was supported by lHarra fc Sterling! (120031 ) and IZhukov et al.l (l2009r). In addition, there 



are still other models such as slow-mode MHD waves ( IWang et al 



20091 ) . spherical current 



3H), 



shell (IDelannee et al.ll2008h, suc cessive magnetic reconnections (jAttrill et al.ll2007al ]bl). and 
soliton (Wills-Davev et al.l 120071). A concept of a coupled coronal wave was proposed by 
Zhukov fc Aucherel (bool Tand ICohen et all (bood ). 



In the last decade, the main approach to studying EIT waves is by ultra-violet imaging 
observations. The main limitation comes from the cadence and spatial resolution of the 
instruments, such as EIT on board the SO HO and Extreme Ul traViolet Imager (E UVI) 
on board the Solar TErrestrial REla tions Observatory ( S TER EO\ Howard et al.ll2008l ). At- 
mospheric Imaging Assembly (AIA; [Title fc AIA teaml 120061 ) aboard the Solar Dynamics 
Observatory (SDO) has high spatio-temporal r esolutions and signal-to-noise ratio, enabling 
us to study EIT waves in unprecedented detail. iLiu et al.l (120101 ) reported the first SDO/ AIA 
observations of EIT wave. They found one diffuse pulse and multiple sharp fronts and sug- 
gested a hybrid interpretation, combining both wave and non-wave models. In addition to 
the imaging observations, spectroscopic observations are also very important, because they 
provide additional information on plasma dyna mics during the wave pr opagation and aid 
clarification of the physical nature of EIT waves. lHarra fc Sterlingl ( 120031 ) di d the first spec 



troscopic analysis of EIT waves using Coronal Diagnostic Spectrometer (CDS: lHarrison et al. 



19951 ) on board the SO HO spacecraft. They measured Doppler velocities in the wave front 
and the following dimming. They found an absence of Doppler velocity in the wave front but 
an ejecti on of cold material af ter the wav e front passed. Us ing the EUV Imaging Spectrome- 
ter (EIS: ICulhane et al.ll2007l ) on Hinode. lAsai et al.l ( 120081 ) studied a fast mode MHD shock 
wave visible in soft X-rays. Unfortunately, some of the EIT images suffered from scattered 
light in the telesc ope. Therefore, the wav e front in EIT da t a was uncl ear. More recently, 
Chen et al.l ( 120 101 ) confirmed the studies of lHarra fc Sterlingl ( 1200 ll . 120031 ). and further found 
an enhanced line broadening at the outer edge of the dimming r egion , which could be well 
explained by the field-line stretching model of IChen et al.l ( 120021 . 120051 ). 



In this paper, we present a case study of Hinode/EIS observation of an EIT wave event. 
We successfully obtained the temporal evolution of the line intensity, line width, and Doppler 
velocity for two iron lines in a sliced region overlapping a small upflow region. Hence, we 
are able to reveal the interaction between the EIT wave and the coronal upflow region 
spectroscopically for the first time. We describe the observations and data analysis in §21 
Our results are shown in §3j followed by some discussions on the results in §0] 



2. Observations and Data Analysis 

The EIT wave event we studied occurred in the active region 11081 on 2010 June 12 and 
was associated with an M2.0 class flare. The EIS observations started at <~ 00:35 UT, using 



a 1" slit with a step of 1" and an exposure time of 60 s. The time gap between successive 
exposures is 2 s. The field of view (FOV) is 5" in the scanning direction and 240" in the 
slit direction. Therefore, a raster cadence of <~ 310 s for EIS was achieved. This raster was 
repeated 12 times. The FOV of EIS lay to the south of the active region where the flare 
occurred and the wave was generated. The FOV covered the central part of a magnetic 
bipole as shown in Figure [TJ 

This event was also well observed by SDO/AIA in several coronal passbands. We ob- 
tained the base difference image from the 193 A data between ~ 00:55 and ^ 01:15 UT and 
found that the wave propagated nearly circularly, as shown in Figure El Fortunately, the 
south-eastern part of the wave front, though not the strongest, passed through the EIS FOV. 
For a more detailed study, it is important to determine the spatial intersection between the 
wave and EIS observations. Thus, we measured the positions of the leading edge of the 
wave front with the help of AIA 193 A base difference movie and marked the results on 
both the AIA 193 A maps, as shown by the asterisks in Figure [31 The wave front entered 
the EIS FOV at ~ 01:00 UT and moved out of it at ~ 01:04 UT. Although the cadence of 
^ 310 s is a relatively high one for EIS observations, it is still too low to observe the wave 
with good temporal resolution. In this event, only one of the 12 rasters, which started at 
01:01:02 UT, may contain some signatures of the wave front. There is usually an expanding 
dimming region behind the wave front; however, the dimming to the south-east of the active 
region was not obvious. It is possible that the dimming region did not propagate circularly 
as the wave front in this event. Another possibility is that the dimming was obscured by the 
presumed overlying dome-like wave front that contributed a part of the EUV emission. 

For the analysis of EIS data, we selected the Fe XII A195.12 and Fe XIII A202.04 



emiss i on lin es, since both of them are strong with no blends from other ions ( JYoung et al 



20071 . 120091 ) . In addition, there are no significant line asym metries, sin ce the EIS FOV is 



mainly in a quiescent region rather than in an active region ( jPeterl 120101 ). Hence we used a 
one-component Gaussian function to fit the line profiles. The function we used is written as 

(A-A ) 



/ = A + BX + I exp 



2a 2 



(1) 



where A (in units of A) is the wavelength, I (in units of ergs cm -2 s _1 sr _1 A -1 ) is the peak 
value of the profile, A (in units of A) is the line center, a (in units of A) is the line width, 
and A and B are constants for the linear background. 

The EIS FOV in the scanning direction is very small (5"), thus our main interest focuses 
on the variation along the slit. Hence, we binned up the 5 pixels along the scanning direction 
for all the rasters and obtained 12 slices. Figure 0] shows the synthetic maps reconstructed 
from the 12 slices for the Fe XII and Fe XIII lines. The positions of the wave front mea- 



sured from AIA images are plotted in each panel with the dashed lines indicating the wave 
propagation. The detailed results of spectroscopic analysis are presented in the following 
section. 



Results 



3.1. The properties of the wave front 

It is of interest to determine the physical characteristics of EIT waves from the spec- 
troscopic observations. However, the cadence of scanning is usually too low to keep in pace 
with a fast propagating phenomenon. Hence, it is challenging to observe the w ave front 
in the line intensity maps reconstructed from the raster scans (jChen et al.ll2010l ). In this 
event, we cannot see an obvious intensity increase along the dashed line in Figure HJ which 
indicates the wave propagation. Usually, we may find s ome distinct features in line widths 



and Doppler velocities as revealed in previous studies ( IHarra fe Sterling 120031 : lAsai et al. 



20081 : IChen et al.l 120101 ). As shown in Figure HJ the variation of line width along the wave 
propagation in the quiescent regio n is insignificant a nd within the fitting error. This is dif- 
ferent from the result observed by IChen et al.l (120101 ) , in which an enhanced line broadening 
appeared at the outer edge of the ensuing dimming, i.e., behind the wave front. 

Unlike the wave-induced effect on the line intensity and line width, we discern a weak 
blueshift in lines along the wave propagation in the upper part of the EIS FOV. The blueshift 
is stronger for the Fe XIII line. To illustrate the result, we calculated the average of the 
Doppler velocities between Y=330 // and Y=364" for each slice. The average Doppler velocity, 
as well as other line parameters, is plotted as a function of time in Figure El We can confirm 
that the line intensity and line width in this region did not vary significantly with time. At 
the time of the wave front transit (i.e., ^ 33 min according to Figure Ej), the blueshift for the 
Fe XII line suddenly increased to ^ 4 km s _1 , a value that was different from those observed 
earlier by nearly 2 km s _1 . For the Fe XIII line, the amplitude of the blueshift when the 
wave passed was a little larger than that for the Fe XII line. The average fitting error in this 
region was <~ 1.41 km s _1 . The blueshift, albeit weak, was beyond the errors. 



3.2. Interaction between the EIT wave and the upflow region 

The EIS FOV covered the central part of a magnetic bipole, which appeared as several 
minor loops and EUV bright points in AIA images as shown in Figure [TJ The photospheric 
magnetic field strength was generally less than 100 Gauss. In Figure [3l we found that the 



wave front was only slightly distorted when it passed over these magnetic structures. It is 
known that the EIT wave front usually stops at a ctive region boundaries and coronal holes 



( IThompson et al.lll998l : IVeronig et al.l 120061 . 120081 ). The magnetic bipole here may be too 



small to stop the wave propagation, in either wave scenario or non-wave scenario. 

There was an upflow region to the north of the magnetic bipole core (Y ~ 245") that 
appeared the brightest in both the AIA image and the EIS line intensity map. In the upflow 
region, the line intensities of both the iron lines were much lower. The velocity amplitude 
of the upflow was 15 km s _1 for the Fe XII line and 20 km s _1 for the Fe XIII line. The 
line width in this upflow region was larger than that in the ambient regions. Moreover, the 
non-thermal velocity (v non ) can be calculated by 



FWHML = FWHML + 41n2 - — - + v 2 non , (2) 



A 2 (2kT 

^ ns ' "" " ^ v^ 

where the value of FWHM^ ns is 0.056 A, A is the wavelength (in units of A), c is the speed 
of light, k is the Boltzmann constant, T is the electron temperature, and M is the ion mass. 
The value of FWHM 5 S (in units of A) can be obtained from the line profile. In Figure HJ the 
upflow region was clear in the Doppler velocity and line width synthetic maps for both the 
iron lines. The upflow velocity and line width stayed nearly unchanged until the wave front 
passed. However, after the wave front passed the upflow region, we found that the upflow 
velocity and line width to the right of the dashed line suddenly and significantly decreased 
for both the lines. We refer to this phenomenon as a diminishing of upflow and non-thermal 
velocities. For a quantitative study, the Doppler velocity in this region is plotted against 
the non-thermal velocity, as shown in Figure El It is clear that after the wave front passed, 
the high velocity tail was truncated so that the upflow velocity was < 5 km s _1 and the 
non-thermal velocity was < 70 km s _1 for the Fe XII line; while the upflow velocity was < 10 
km s _1 and the non-thermal velocity was < 60 km s _1 for the Fe XIII line. 

In addition, we analyzed the data obtained with a long raster (a large FOV) on the day 
before the event. The line intensity and Doppler velocity maps are shown in Figured We 
can confirm that the upflow region existed at this position and exhibited the similar velocity 
amplitude for many hours. The magnetic bipole core is illustrated by the black contours on 
Figure [3 (the right panel). The abrupt diminishing of the upward Doppler velocity and the 
non-thermal velocity in an ambient region of magnetic structure may imply an interesting 
scenario, in which the wave front interacts with the magnetic field during its propagation. 



4. Discussion 

We presented an EIT wave event, which was captured by Hinode/ElS raster. We stud- 
ied the spectroscopic properties of the coronal plasma during the wave transit. The most 
interesting results are summarized below. 

1. The wave front propagated near circularly, with its south-eastern part observed by 
EIS. The line intensity and line width showed no change when the wave front passed. 
However, an enhanced blueshift of the line center, albeit weak, was observed at this 
time. 

2. The wave front passed over an upflow region nearby a magnetic bipole. The shape of 
the wave front was only slightly distorted. For both of the iron lines studied, a sudden 
and clear diminishing of the upflow and non-thermal velocities in the upflow region 
was observed when the wave passed. 

In general, during the EIT wave front passage, one may expect to observe a line intensity 
enhancement, a common feature observed in coronal EUV images. In this event, however, 
the variation of line intensity during the wave propagation was within the fitting error. For 
the raster observations of the wave, the line profile at a certain point is a composite of the 
contribution from the background corona during the whole exposure time (50 s for this event) 
and the contribution from the wave front. The wave quickly passes over this point and in 
fact it contributes little to the line profile. Therefore, it is hard to observe similar signatures 
from spectroscopic and image observations. It was previously observed that EIT waves and 
the accompanied dimmings exhibited a very high speed, so that its contr i bution to the lin e 



profile can result in a strong Doppler component ( IHarra fc Sterling 120031 : lAsai et al.ll2008l ). 
In this case, some significant features of the wave or wave-perturbed plasma can be observed 
from spectroscopic data. 

Fortunately, we found a sudden upward motion of the coronal plasma when the wave 
front passed the EIS FOV. The upward velocity (v up ) was ~ 4 km s _1 . If we assume that 
the velocity along the line of sight was purely from the projection of a tangential velocity 
(i.e., velocity along the solar surface), then we can estimate the local tangential velocity to 
be v up /cos9, where 6 ) the projection angle, is ~ 30°. Thus, the local tangential velocity was 
~ 10 km s _1 . For this event, the average propagation speed of the wave between 1:00:54 and 
1:05:30 UT is ~ 358 km s _1 . This result implies that the speed of local plasma motion was 
far less than the propagation speed of the wave. This feature is compatible with both the 
wave models and non-wave models. 



The upflows at the edge of t he act ive re gions have been repor ted by ISakao et al.l ( 120071 ) , 



Hara et al. 



fl2008h . lHarra et al.l (12008h . a nd iDoschek et al. 



cospatial with open magnetic field lines ( ISakao et al. 



2007; 



(200 81). They wer e found to be 



Harraet al.ll2008h . The upflow 



region observed in our event, as described in Section [3721 had some similar behaviors. How- 
ever, its spatial extension was much smaller. Base on the fact that the upflow we observed 
existed in a low intensity region, it is probable that this region was a small coronal hole. Re- 
gardless whatever the actual source of the upflow was, the magnetic field lines in this region 
were very likely to be open. However, several difficulties make it hard to get a valid result 
on the magnetic field structure for this event. First, both the active region where the EIT 
wave originated and the magnetic bipole region where upflows existed were far from the disk 
center. A correction for the curved surface and the projection of magnetic fields is required. 
Second, although extrapolation to active region magnetic fields has been intensively studied 
and relatively easy to apply to various cases, extrapolation to small magnetic structures is 
a difficult task. Unfortunately, the region with the magnetic bipole and the upflows, which 
draws our main attention, is such an example. Our experiment showed that it is possible to 
get some preliminary results, though probably inaccurate, for the active region. However, 
no valid result is returned for the magnetic bipole or the intermediate area between it and 
the active region. Although there is no available information on the magnetic fields, we 
conjecture that the upflow region surrounding the magnetic bipole core may also be related 
with open fields or large-scale close fields, based on the reasons mentioned above. 

The ratio of magnetic pressure to gas pressure is high in the corona; thus, the direction 
of coronal plasma motion is dominated by magnetic field lines. The sudden variation of the 
line o f sight velocity d e scribe d in Section [3721 implies the change of direction of magnetic field 
lines. Mcintosh et al.l ( 120071 ) reported a disappearance and reappearance of "moss" around 
an active region during the evolution of a CME event. They explained the change of the 
"moss" as a proxy of the changing coronal magnetic field topology behind the CME front. 
Although their event is different from ours in some aspects, the common key feature is that a 
change of magnetic field orientation associated with large scale coronal disturbances (CMEs 
or EIT waves ) can influence the coron al plasma dynamics. In the field-line stretching model 
proposed by IChen et al.l (120021 . 120051 ) , EIT waves are apparently-propagating wave fronts 
formed by successive stretching/expansion of field lines, which is initiated by the erupting 
flux rope. It is expected that when the wave passed over the upflow region, the local open 
(or large-scale) field lines would be pushed aside and be redirected toward another direction 
by the stretched field lines related with the wave front. Therefore, the upflows changed their 
direction to that deviated more from the line of sight. The line of sight component velocity 
were diminished apparently as a result. 



Hara et al.l ( 120081 ) and lDoschek et al.l ( 120081 ) reported a positive correlation between the 
non-thermal velocity and upflow velocity from the line profile fitting, implying the multiplic- 
ity of actual upflow velocities. As shown in Figure El before the wave front passed, the upflow 
velocity and non-thermal velocity in the region we obse rved also shows a posit ive correlation 



thoug h somewhat weaker than what was reported by lHara et al.l (120081 ) and iDoschek et al. 



( 120081 ). However, such a correlation does not exist after the wave front passed, when the 
upflow and non-thermal velocities were reduced to smaller magnitudes as mentioned in Sec- 
tion [321 Considering the difference in the correlation result, we think that the correlation 
observed in this upflow region before the wave front passed is of physical significance, espe- 
cially for the Fe XIII line. Since one of the main causes of the non-thermal velocity is the 
multiplicity of line of sight velocities, the sudden diminishing of the non-thermal velocity 
could therefore be explained. Note that other mechanism s were also sugg ested to explain 
the variation of non-thermal velocity in coronal dimmings ( JMcIntoshl 120091 ) . Here, we favor 
the scenario of multiple velocities existing in the spatially unresolved area to interpret the 
variation of the non-thermal velocity. 

Note that an MHD wave impacting open (or large-scale) field lines can also push them 
aside and redirect them to some extent. However, the field lines would oscillate periodically. 
If so, we expect to observe some oscillating patterns in the spectroscopic data. Unfortunately, 
no oscillation is found in the results shown above. It may be true that the sensitivity and the 
cadence of the instruments are not high enough to resolve the oscillation well. If this is the 
case, the diminishing of the Doppler velocity and non-thermal velocity would be gradual. 
However, Figure @] shows a sudden diminishing of the velocities for both the iron lines. 
Therefore, while the wave models cannot be excluded, the non-wave model is more favored 
here in explaining the observational data. 

In summary, a possible scenario for the EIT wave event analyzed in this paper could 
be as follows: the EIT wave encountered an open (or large-scale) magnetic field line, along 
which mult i- component upflows existed. The independent magnetic system of the upflow 
region was too narrow to stop the wave from propagating. However, the open (or large-scale) 
field lines were pushed aside or distorted by the wave, resulting in an abrupt diminishing 
of upward line of sight velocity and non-thermal velocity as observed in spectr al lines. We 



suggest that this scenario could be more in accordance with what proposed by IChen et al. 



( 120021 . 120051 ) for EIT waves, in which the formation of EIT wave fronts and their behaviors 
are essentially correlated with the stretching of magnetic field lines during CMEs. 



We thank the anonymous referee for constructive comments that helped to improve 
this manuscript. This work was supported by NSFC (under grants 10828306, 10933003, 
and 11025314) and by NKBRSF under grant 201 1CB81 1402. Hinode is a Japanese mission 



10 



developed and launched by ISAS/JAXA, collaborating with NAOJ as a domestic partner, 
NASA and STFC (UK) as international partners. Scientific operation of the Hinode mission 
is conducted by the Hinode science team organized at ISAS/JAXA. This team mainly consists 
of scientists from institutes in the partner countries. Support for the post-launch operation 
is provided by JAXA and NAOJ (Japan), STFC (U.K.), NASA, ESA, and NSC (Norway). 
We thank the SDO/AIA consortium for providing open access to their calibrated data. 



REFERENCES 

Asai, A., Hara, H., Wantanabe, T., et al. 2008, ApJ, 685, 622A 

Attrill, G. D. R., Harra, L. K., van Driel-Gesztelyi, L., & Demoulin, P. 2007, ApJ, 656, L101 

Attrill, G. D. R., Harra, L. K., van Driel-Gesztelyi, L., Demoulin, P., Wulser, J.-P 2007, 
Astronomische Nachrichten, 328, 760 

Attrill, G. D. R., Engell, A. J., Wills-Davey, M. J., Grigis, P., & Testa, P. 2009, ApJ, 704, 
1296 

Biesecker, D. A., Myers, D. C, Thompson, B. J., Hammer, D. M., & Vourlidas, A. 2002, 
ApJ, 569, 1009 

Chen, F., Ding, M. D., & Chen, P. F. 2010, ApJ, 720, 1254 

Chen, P. F. 2006, ApJ, 641, L153 

Chen, P. F. 2009, ApJ, 698, L112 

Chen, P. F., Wu, S. T., Shibata, K., & Fang, C. 2002, ApJ, 572, L99 

Chen, P. F., Fang, C, k Shibata, K. 2005, ApJ, 622, 1202 

Chen, P. F., & Wu, Y. 2011, ApJ, 732, L20 

Cliver, E. W., Laurenza, M., Storini, M. & Thompson, B. J. 2005, ApJ, 631, 604 

Cohen, O., Attrill, G. D. R., Manchester, W. B., & Wills-Davey, M. J. 2009, ApJ, 705, 587 

Culhane, J. L., et al. 2007, Sol. Phys., 243, 19 

Dai, Y., Auchere, F., Vial, J.-C. et al. 2010, ApJ, 708, 913 

Delaboudiniere, J.-P, et al. 1995, Sol. Phys., 162, 291 



-11- 

Delannee, C, & Aulanier, G. 1999, Sol. Phys., 190, 107 

Delannee, C. 2000, ApJ, 545,512 

Delannee, C, Torok, T., Aulanier, G., & Hochedez, J.-F. 2008, Sol. Phys., 247, 123 

Doschek, G. A., Warren, H. P., Mariska, J. T. et al. 2008, ApJ, 686, 1362 

Gallagher, P. T., & Long, D. M. 2010, Space Sci. Rev., 127 

Gopalswamy, N., Yashiro, S., Temmer, M., et al. 2009, ApJ, 691, L123 

Harrison, R. A., et al. 1995, Sol. Phys., 162, 233 

Hara, H., Watanabe, T., Harra, L. K., Culhane, J. L., Young, P. R., Mariska, J. T., & 
Doschek, G. A. 2008, ApJ, 678, L67 

Harra, L. K., & Sterling, A. C. 2001, ApJ, 561, L215 

Harra, L. K., & Sterling, A. C. 2003, ApJ, 587, 429 

Harra, L. K., Sakao, T., Mandrini, C. H., Hara, H., Imada, S., Young, P. R., van Driel- 
Gesztelyi, L., & Baker, D. 2008, ApJ, 676, L147 

Howard, R. A., et al. 2008, Space Sci. Rev., 136, 67 

Kienreich, I. W., Temmer, M., & Veronig, A. M. 2009, ApJ, 703, L118 

Klassen, A., Ausrass, H., Mann, G., & Tompson, B.J. 2000, A&AS, 141, 357 

Liu, W., Nitta, N. V., Schrijver, C. J., Title, A. M., & Tarbell, T. D. 2010, ApJ, 723, L53 

Long, D. M., Gallagher, P. T., McAteer, R. T. J., & Bloomfield, D. S. 2008, ApJ, 680, L81 

Ma, S., et al. 2009, ApJ, 707, 503 

Mcintosh, S. W., Leamon, R. J., Davey, A. R., & Wills-Davey, M. J. 2007, ApJ, 660, 1653 

Mcintosh, S. W. 2009, ApJ, 693, 1306 

Moreton, G. E., & Ramsey, H. E. 1960, PASP, 72, 357 

Moses, D., et al. 1997, Sol. Phys., 175, 571M 

Okamoto, T. J., Nakai, H., Keiyama, A., Narukage, N., UeNo, S., Kitai, R., Kurokawa, H., 
& Shibata, K. 2004, ApJ, 608, 1124 



-12- 

Patsourakos, S., & Vourlidas, A. 2009, ApJ, 700, L182 

Peter, H. 2010, A&A, 521, A51 

Pomoell, J., Vainio, R., & Kssmann, R. 2008, Sol. Phys., 253, 249 

Sakao, T., et al. 2007, Science, 318, 1585 

Scherrer, P. H., et al. 1995, Sol. Phys., 162, 129 

Thompson, B. J., Plunkett, S. P., Gurman, J. B., Newmark, J. S., St. Cyr, O. C, & Michels, 
D. J. 1998, Geophys. Res. Lett., 25, 2465 

Thompson, B. J., & Myers, D. C. 2009, ApJS, 183, 225 

Title, A. M., & AIA team 2006, Bulletin of the American Astronomical Society, 38, 261 

Veronig, A. M., Temmer, M., Vrsnak, B., & Thalmann, J. K. 2006, ApJ, 647, 1466 

Veronig, A. M., Temmer, M., & Vrsnak, B. 2008, ApJ, 681, 113 

Vrsnak, B., Warmuth, A., Temmer, M., Veronig, A., Magdalenic, J., Hillaris, A., & Karlicky, 
M. 2006, A&A, 448, 739 

Vrsnak, B., & Cliver, E. W. 2008, Sol. Phys., 253, 215 

Wang,Y.-M. 2000, ApJ, 543, L89 

Wang, H., Shen, C, & Lin, J. 2009, ApJ, 700, 1716 

Warmuth, A., Vrsnak, B., Aurass, H., & Hanslmeier, A. 2001, ApJ, 560, L105 

Warmuth, A., Vrsnak, B., Magdaleni, J., Hanslmeier, A., & Otruba, W. 2004, A&A, 418, 
1117 

Warmuth, A., Mann, G., & Aurass, H. 2005, ApJ, 626, L121 

Warmuth, A. 2010, Advances in Space Research, 45, 527 

Wills-Davey, M. J., & Thompson, B. J. 1999, Sol. Phys., 190, 467 

Wills-Davey, M. J., DeForest, C. E., & Stenflo, J. O. 2007, ApJ, 664, 556 

Wills-Davey, M. J., & Attrill, G. D. R. 2009, Space Sci. Rev., 149, 325 

Wu, S. T., Zheng, H. N., Wang, S., et al. 2001, J. Geophys. Res., 106, 25089 



-13- 

Young, P. R., et al. 2007, PASJ, 59, 857 

Young, P. R., Watanabe, T., Hara, H., & Mariska, J. T. 2009, A&A, 495, 587 

Zhukov, A. N., & Auchere, F. 2004, A&A, 427, 705 

Zhukov, A. N., Rodriguez, L., & de Patoul, J. 2009, Sol. Phys., 259, 73 



This preprint was prepared with the A AS IATjrjX macros v5.2. 



14 




SOHO/MDI Magnetogram 



400 



350 



300 



250 



200 



150 








400 450 500 550 600 650 
X (arcsecs) 



400 450 500 550 600 650 
X (arcsecs) 



Fig. 1. — SD O/AIA 193 A image a nd the magetogram measured by the Michelson Doppler 
Imager (MDI: IScherrer et al.lll995l ) aboard SOHO. The white boxes indicate the EIS FOV. 
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Fig. 2. — Base difference image of SDI/AIA 193 A. The image is subtracted by the one at 
00:55:06 UT, with the solar rotation corrected. The red boxes indicate the EIS FOV. [This 
figure is also available as an mpeg animation in the electronic edition of the article.] 
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Fig. 3. — Positions of the wave front indicated by the asterisks measured from SDO/AIA 
base difference images. The white/red boxes refer to the EIS FOV. Note that the wave front 
may not appear clear enough in some snapshots, in which the position are measured using 
movie instead. 



17 




20 30 40 50 60 
Time (min) 



10 20 30 40 50 60 
Time (min) 



20 30 40 50 60 

Time (min) 




10 20 30 40 50 60 
Time (min) 



10 20 30 40 50 60 
Time (min) 



20 30 40 50 60 

Time (min) 



Fig. 4. — Line intensity (left), Doppler velocity (middle), and width (right) for the Fe XII and 
Fe XIII lines as a function of time. The time is related to 00:30:00 UT. The asterisks indicate 
the positions of the wave front measured from Figure [3l Note that in the fourth colume of 
Figure [3J the wave front is already out of the EIS FOV. The dashed lines connecting the 
asterisks indicate the wave propagation track. 
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Fig. 5. — Average line intensity (in units of ergs cm -2 s _1 sr _1 ), line width (in units of mA), 
and Doppler velocity (in units of km s _1 ) between Y=330 // and Y=364 // as a function of 
time. See the legend for details. Negative values are for blueshifts. The dashed lines in the 
left column indicate km s _1 . The time is related to 00:30:00 UT. 



19 



Fe XII before wave 



ex 
o 

Q 




Fe XII after wave 



20 1 



ex 

Cl. 
O 
Q 



-10 r 

-20 I- 

-30 L. 
50 



55 60 65 70 75 80 50 

Fe XIII before wave 



f0y ■ 



55 60 65 70 75 

Non-thermal velocity 




55 60 65 70 75 

Fe XIII after wave 




80 50 55 60 65 70 75 

Non-thermal velocity 



Fig. 6. — Scatter plot of the Doppler velocities (in units of km s 1 ) against the non-thermal 
velocities (in units of km s _1 ) obtained from line widths for pixel points in the upflow region. 
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Fig. 7. — Line intensity and Doppler velocity maps obtained from EIS raster from 22:57:40 
UT 2010 June 11 to 00:05:13 UT 2010 June 12. The Doppler velocity map is overlaid by the 
contours of the line intensity, which show the position of the magnetic bipole core. Shown 
in the right is the color bar for the Doppler velocity. 



